Spin-transfer torque is a useful tool to control the magnetic state in nanostructures. In magnetic tunnel junctions, the spin-transfer torque has two components, the in-plane spin torque and the perpendicular spin torque. While properties of the in-plane spin-transfer torque are relatively well understood, properties of the perpendicular spin-transfer torque still remain controversial. A recent experiment demonstrated that in asymmetric magnetic tunnel junctions, the bias voltage dependence of the perpendicular spin-transfer torque contains both linear and quadratic terms in the bias. However it still remains unexplored how the bias voltage dependence changes as a function of material parameters. In this paper, we systematically investigate the perpendicular spin-transfer torque in asymmetric magnetic tunnel junction by varying spin splitting energy, work function difference, and Fermi energy of the ferromagnetic metal leads.
I. Introduction
The magnetic tunnel junction (MTJ) has large interest because it has many applications such as non-volatile memories and radio frequency generators [1, 2] . These applications are due to the dynamics of magnetization in the ferromagnetic layers, and this dynamics can be controlled not only by a magnetic field but also by a current. Current flowing in a ferromagnetic metal is spin polarized. This polarized current tunnels to the other ferromagnetic metal and interacts with its magnetization. This gives a torque to the magnetization called spin-transfer torque [3, 4] .
There are many theories to calculate a spin-transfer torque and many experiments to measure the torque in MTJ, but the controversy still remains especially for the perpendicular torque [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The bias dependence of the perpendicular *Tel: (054) 279-2092, E-mail: hwl@postech.ac.kr torque is unclear even the sign of it. Also most calculations are done for symmetric junctions and not for asymmetric ones.
In this paper, we calculate the perpendicular spin-transfer torque in an asymmetric junction. The voltage dependence of the perpendicular spin-transfer torque is examined systematically by varying the spin splitting energies, work functions, and Fermi energies of two ferromagnetic metals.
II. Method
Consider a conventional MTJ structure, as shown in Fig. 1 , which has two ferromagnetic metal leads connected by a nonmagnetic insulator of width d. The angle between the two magnetization directions and of the leads is θ. We introduce two local coordinate; z (z') axis is along the magnetization ( ). We applied the free-electron model [17] , and an electron wave function is determined by single electron Schrödinger equation. Considering the exchange energy in the ferromagnetic leads, the difference of work functions of two leads, and the fact that most of applied bias voltage drops in the non-magnetic insulator, the Schrödinger equation is written as follows: (1) Here σ = ↑,↓ for each spin, and U σ is spin and spatial dependent potential given by (2) (σ in the formula equals to 1 (−1) for σ = ↑ (↓) in the subscript). The magnitude of is half of the exchange energy, and the direction of it is parallel to that of the magnetization of each lead. ∆W is the difference of the work functions (∆W = W L − W R ), V is applied bias voltage, and U 0 is the potential barrier height when ∆W and V vanish (Fig. 2) .
If we write Ψ σ (x, y, z) = e Here, Ai, Bi is Airy function of the first and second kind respectively, and A Lσ , B Lσ , C Bσ , D Bσ , A Rσ , B Rσ are unknown coefficients to be determined by initial and boundary conditions. After these coefficients are determined, the spin currents can be calculated by the following formula.
This is a spin current for particular energy ε, and to find the total spin current, we have to integrate up to the Fermi energy E F in each lead. (6) In the first integral, j s i is determined from the wave function In the second integral, j s i is determined in a similar way but electrons flow out from the right lead.
From this total spin current, the spin transfer torque acting on the leads can be calculated by using the angular momentum conservation. The spin transfer torque acting on the left lead is (7) and for right lead, (8) where, (9) 
III. Results and Discussion
We investigate the bias dependence of the perpendicular spin-transfer torque acting on the right lead for asymmetric MTJs. As sources of the asymmetry, we consider the following factor; difference of the spin splitting energies, Fermi energies, and work functions of the ferromagnetic metal leads. The effect of each factor is considered independently.
To obtain the numerical results, we set the Fermi energy of the left lead to 2.62 eV, and the spin splitting energy to 1.96 eV. The potential barrier height is 1.5 eV from the Fermi energy of the left lead, and the width of the barrier is 0.7 nm. The angle between two magnetizations of the leads is π/2.
In Fig. 3 , the perpendicular spin torque is calculated for various spin splitting energy of the right lead. The difference of work functions is set to be 0, and Fermi energy of the right lead is the same as that of the left lead. Dots are the results and fitting parameters are in Table I . In the Table, norm of residuals is the sum of squared differences of the data and fitting values.
In the symmetric case (bottom curve with E FR = 2.62 eV), the linear term is almost vanishing as expected. But out of the symmetric case, the linear term appears with comparable magnitude to the quadratic term. If the spin splitting energy has larger energy, the maximum of the torque occurs at more negative bias. Fig. 4 shows the effect of the difference of work functions of the two leads. The Fermi energy and the spin splitting energy of right lead are the same as that of left lead. The fitting parameters are given in Table II . As before, out of the symmetric case, the linear term appears.
The Fermi energy dependence of the torque is shown in Fig. 5 . The spin splitting energy of the right lead is the same as that of the left lead, and the difference of the work function is set to zero. The fitting parameters are given in Table III .
IV. Summary
We investigate the bias dependence of the perpendicular spin-transfer torque in MTJ. In the symmetric case, the dependence is only quadratic and no linear term. But if the symmetry is broken by varying the spin splitting energy, work functions and Fermi energy of the two leads, the dependence has linear term of which the magnitude is comparable to the quadratic term. 
